Introduction
Research on post-dispersal seed fates has expanded rapidly in the past 20 years. The finding that rodents worldwide scatterhoard many types of seeds and that such scatterhoarding is a second stage of dispersal for some plants has led to the realization that one cannot assume that seed removal is equivalent to seed predation (Forget et al., 1998; Jansen, 2003) . Several studies indicate that secondary dispersal can be an important phase of plant recruitment (Forget and Milleron, 1991; Vander Wall, 1992; Forget, 1993; Levey and Byrne, 1993; BohningGaese et al., 1999; Brewer and Rejmanek, 1999; Hoshizaki et al., 1999) . Therefore, simply observing post-dispersal seed removal is insufficient evidence to assess the importance of primary dispersal patterns unless the fate of removed seeds is also assessed. A variety of organisms, ranging from rodents to beetles to microorganisms, interact with dispersed seeds but the roles they play are poorly known (Steele et al., 1996) . Despite several well-documented examples of secondary dispersal (Vander Wall and Longland, 2004) , the extent to which most vertebrate-dispersed plant species benefit from secondary dispersal is unknown. In a given habitat with dozens to hundreds of plant species, it is difficult to predict which species might benefit from secondary dispersal because we lack analyses of plant characteristics that may be associated with secondary dispersal syndromes. Perhaps the best example of a secondary dispersal syndrome is the presence of antattracting elaiosomes on seeds with ballistic primary dispersal (Passos and Ferreira, 1996; Gomez and Espadaler, 1998) . For trees and other woody species, the occurrence of secondary dispersal syndromes is much less clear. Dung beetles act as secondary dispersers for seeds in mammalian dung but apparently not for seeds regurgitated or defecated by birds (Andresen and Feer, Chapter 20, this volume) . As dung beetles are selecting dung rather than seeds, a syndrome for this type of secondary dispersal is unlikely. Rodents are important seed predators and dispersers worldwide, and defining a syndrome for rodent dispersal may be possible (Vander Wall and Longland, Chapter 18, this volume) . Caviomorph rodents that act as both primary and secondary dispersers tend to scatterhoard large seeds (> 1 g) that have some physical defence such as a thick or hard seed coat. Smaller rodents eat a wide variety of smaller seeds but the extent of scatterhoarding in these species is poorly known (Price and Jenkins, 1986; Brewer and Rejmanek, 1999; ©CAB International 2005 . Seed Fate (eds P.-M. Forget, J.E. Lambert, P.E. Hulme and S.B. Vander Wall) Vander . Although secondary dispersal syndromes are beginning to be defined, more information is needed on the fate of different kinds of seeds in a variety of habitats.
In this study, I examined seed fate in several vertebrate-dispersed plant species in a montane cloud forest in Costa Rica. I focused on seeds that receive primary dispersal from frugivorous birds and arboreal mammals with the expectation that some seed species would be secondarily dispersed by terrestrial seed-caching rodents. Most studies on post-dispersal seed removal use artificially dispersed seeds placed in a specific arrangement in the field (Forget and Wenny, Chapter 23, this volume) . In this study, however, I used naturally dispersed seeds at their original dispersal locations to monitor subsequent seed fate. My intent was to characterize post-dispersal fate of a variety of large-seeded, vertebrate-dispersed plant species, particularly lauraceous trees, for comparison with an ongoing study on Ocotea endresiana (Wenny, 2000b) . The specific goals were to determine which plant species benefited from secondary dispersal, which animals provided it and which, if any, seed characteristics could be used to predict the likelihood of secondary dispersal by seed-caching rodents.
Methods

Study site
This study was conducted April 1994 to November 1995 in the Monteverde Cloud Forest Preserve (10°12′N, 84°42′W) in the Cordillera de Tilaran in northwestern Costa Rica. The Tropical Science Centre of San José, Costa Rica, administers this reserve. The average annual rainfall is about 2500 mm, with most occurring between May and November . Additional precipitation from mist and cloud interception is probably substantial (Clark and Nadkarni, 2000) . The study area is in relatively undisturbed lower montane rainforest (Haber, 2000a) along the continental divide at 1600 m elevation. A 5-ha area 500 m from the beginning of the Valley Trail (Sendero El Valle) was mapped and marked into a 10 × 10 m grid with corners marked with PVC pipes. The vegetation and ecology of the area is described in more detail elsewhere (Lawton and Dryer, 1980; Nadkarni and Wheelwright, 2000) .
Seed fate
I located naturally dispersed seeds in April-August 1994 and Beilschmeidia costaricensis seeds from February-March 1995 by systematically searching the ground for freshly regurgitated, dropped, or defecated seeds. The searches proceeded within 10-m wide belt transects delineated by the PVC markers. It was impossible to search the entire site with equal intensity, but an effort was made to cover the entire site at least once every 2-3 weeks. Seeds with a damaged seed coat (by gnawing of squirrels or other animals) directly under fruiting trees were not included, nor were fallen or dropped fruits because the emphasis of the study was determining the occurrence of secondary dispersal after endozoochory by birds and arboreal mammals. Typically, recently deposited seeds could be distinguished from older seeds, and only recently dispersed seeds were used in this study. Each seed was weighed, length and diameter measured, and any signs of insect attack (presumably pre-dispersal oviposition) were noted.
I marked seeds by gluing 50-75 cm of unwaxed dental floss to them, and tying about 50 cm of flagging tape to the floss. Flagging tape was pink, orange, or white and yellow striped depending on the species. Seeds were allowed to air dry for 1-3 h in a lab room before gluing. Each marked seed was returned to its original location the next morning. A pilot study at this study site indicated no difference in seed removal rates for marked and unmarked O. endresiana seeds (Wenny, 2000b) . In addition, much of the seed removal at this site takes place at night when visual cues are less likely to bias seed removal (Wenny, 2000b) . Similar marking procedures have been used in several other Neotropical sites with no evidence of effects on seed removal (Schupp, 1988; Forget, 1996; Peres et al., 1997; Brewer and Rejmanek, 1999) . The influence of marking systems on retrieval of cached seeds, however, remains unexplored.
We conducted censuses weekly for 12-16 weeks. Because new seeds were found throughout the study period, the total census period for each seed varied but was at least 12 weeks for seeds that remained intact that long. If a marked seed was removed, the surrounding area was searched until the flagging tape-dental floss assembly was found. The distance from the original location was measured and the fate of the seed was characterized by examining any seed remains, the condition of the line glued to the seed, and the surrounding area. Seed fate was classified as seed predation if a seed was removed from the line and pieces of the seed or seed coat remained. Seeds that had been moved from the original location but remained intact were considered removed. If a seed was buried in the soil it was classified as cached by rodents. Seeds covered by leaves were not considered cached because natural leaf fall was responsible for such situations (D. Wenny, unpublished data). At the end of the study, all remaining seeds were examined and classified as either viable if the seed appeared healthy, or not viable if it was infested with insects or was hollow, mealy, discoloured or rotten.
Rodent trapping
I used Sherman live traps (23.5 × 8.5 × 9 cm) to capture and identify small rodents. Nine sets of three traps were set for three nights each month for 8 months between September 1993 and June 1994. Each set of three traps had one trap at the base of a tree, one beside a fallen log and one in a treefall gap. Rodents were identified, measured, marked and released. Traps were baited with seeds or peanut butter and oatmeal in alternate trapping sessions. Traps were opened in the afternoon and checked the next morning. Traps were washed and rebaited each day during a trapping session so that rodent odours did not influence capture rates.
Tracking stations
I used muddy sections of trails as tracking stations to record presence of animals too large to capture in the live traps and too difficult to observe otherwise. In five different places, an area of mud ≈ 2 × 1 m was levelled and checked daily. The tracking stations were smoothed at least once each month. This procedure was not intended to estimate population sizes but only to note the occurrence of species not observed or captured during the course of this study.
Results
Seed and fruit characteristics
Plant species for which I found at least 20 seeds and with seeds large enough to mark were included in this analysis. Overall, 1175 seeds from 14 species in nine families were studied (Table 21 .1). Seed size ranged from 0.1 g to 31.5 g. In this paper the five species weighing < 1 g were considered small, six species weighing 1-5 g are considered intermediate size and three species weighing over 5 g are considered large. Although the mass of species in this study span a wide range, they represent the upper range of the seed sizes in the Monteverde area. Over 75% of 114 mainly birddispersed species for which data are available weight less than 0.5 g (Wheelwright et al., 1984) . In this study seed size of the 14 species averaged 5.1 ± 8.3 g (mean ± 1 SD) with a median of 2.1 g.
Fruits of most of the focal species are single-seeded drupes or berries. Guarea spp. fruits are dehiscent capsules typically with four arillate seeds, and fruits of Salacia sp. are large indehiscent, odoriferous berries with three or more seeds. Meliosma vernicosa and Chione sylvicola seeds had hard and thick seeds that could not be cut with a pocket knife. Ardisia palmana, Geonoma edulis and Guarea kunthiana seeds were fairly hard but could be cut with difficulty. Guarea glabra seeds were easier to cut than G. kunthiana. Beilschmeidia costaricensis fruits have a thickened endocarp (unlike all other Lauraceae in this study) that remains intact after removal of the pulp by frugivores. The remaining eight species of seeds have essentially no physical defence.
Primary dispersal
Most of the focal species are eaten and dispersed by birds (Haber, 2000b) . Birds tend to regurgitate intermediate and large seeds. Regurgitated seeds are usually free of pulp and typically found singly or in loose aggregations depending on the foraging and perching behaviour of the dispersers (Wenny and Levey, 1998) . Small seeds in this study were regurgitated by some bird species and defecated by others. Black guans (Chamaepetes unicolor) were not observed to regurgitate any seeds. Other important avian seed dispersers at this study site include resplendent quetzal (Pharomacrus mocinno), orange-bellied trogon (Trogon aurantiiventris), emerald toucanet (Aulacorhynchus prasinus), threewattled bellbird (Procnias tricarunculata), black-faced solitaire (Myadestes melanops) and mountain robin (Turdus plebejus).
Bats and arboreal mammals often eat the pulp and drop seeds containing remnants of pulp. Eugenia guatemalensis and M. vernicosa are eaten mainly by bats. Salacia sp. seeds probably are dispersed by primates and nocturnal arboreal mammals (Haber et al., 1996) . Fruits of Persea sp., the largest seed by far in this study, are eaten by arboreal mammals but many fruits fall to the ground and are eaten or damaged by terrestrial rodents. Of the three species of primates in the area, spider monkeys (Ateles geoffroyi) are more frugivorous and more important seed dispersers for fleshy-fruited species than white-face capuchins (Cebus capucinus) or mantled howlers (Alouatta palliata). Numerous species of bats occur in the area (Timm and LaVal, 2000) , but no sampling was done in conjunction with this study.
Minimum dispersal distances were not estimated because the parent was not known in most cases. Haber (2000b) and based on observations during this study ('mammals' indicates arboreal non-volant mammals) Physical defence refers to the type of seed coat (testa) or endocarp and is relative to the other species in this study.
indicate that nearly all seeds were less than 100 m from the nearest conspecific tree and most seeds were within 30 m (Wenny, 1999 (Wenny, , 2000a .
Post-dispersal seed fate
I discerned three patterns of seed removal: (i) animals seldom removed seeds with thick, hard seed coats regardless of size (M. vernicosa and C. sylvicola); (ii) animals removed 50-100% of small and intermediate seeds without thick, hard seed coats; and (iii) animals rarely removed large seeds regardless of seed coat characteristics ( Fig. 21.1 ). Seed size alone was not a good predictor of removal rate (r 2 = 0.10) or distance moved (r 2 = 0.06). Removal rates varied considerably among seed species (Fig. 21.1 ). Only nine of 815 seeds could not be relocated. For most species, 100% of the flagging tape used to mark seeds was found after removal (Table 21 .2, column 9). Most seed species did not have a second stage of dispersal by seed-caching rodents (Table 21 .2, column 3). Therefore, seed discovery by animals resulted in seed predation for most seeds. Only Guarea kunthiana (27%) and G. glabra (46%) had substantial numbers of seeds cached (Wenny, 1999) . At the end of this study 8% of G. kunthiana and 30% of G. glabra remained cached. Geonoma edulis, an understorey palm with a hard seed coat, had a few seeds cached (4%), with 2% remaining cached after 12 weeks (Table  21 .2). Panopsis suaveolens (Proteaceae) and Pouteria fossicola (Sapotaceae), for which I marked < 20 seeds, also had several seeds cached. For the nine species for which all removed seeds were found, no seeds were cached, but for the three species with some caching, not all marked seeds were found after removal (Table 21 .2). Thus caching cannot be ruled out for A. palmana and C. sylvicola. Although one Ocotea meziana seed was never found after removal, results for other Lauraceae suggest no secondary dispersal by rodents (Table 21. Table 21 .2. Seed movement and mortality after 12-16 weeks. Species listed in order of increasing seed size. All proportions calculated from the total sample size (n). Caching and movement includes the proportions of seeds that were cached whether or not they were later retrieved (cache), the proportion of seeds that were moved but not eaten or cached (moved) and the average distance seeds were moved by all causes. Seed mortality includes the proportions of seeds killed by vertebrates (vert.), insects (insect) and fungal pathogens (fungal). Final fate includes the proportions of seeds that were removed by animals but not relocated (miss.), seeds that were not killed or germinated by the end of the study (intact), seeds that remained cached (cached) and seeds that germinated and established seedlings (seedling). The sum of the last seven columns equals 1.00.
which seeds were taken, small rodents were responsible for most post-dispersal seed removal and predation of small and intermediate seeds. The exception to this pattern is caching and consumption of G. glabra and G. kunthiana by agoutis with additional consumption of G. kunthiana by peccaries. Excluding Guarea spp., small rodents were responsible for at least 70% of vertebratecaused seed mortality. Most seed movement away from the original location was clearly associated with animals. Nearly 20% of all seeds, however, were moved short distances (< 1 m) by heavy rainfall or other abiotic factors. The number of seeds that experienced such abiotic movement was not highly correlated with seed size (Pearson correlation, r = 0.42, P = 0.17) as might be expected if rainfall was the only major cause. In addition, 12% of all seeds were chewed but not completely consumed. Some partially eaten seeds were eventually consumed over the course of several days. This fate was particularly common for Salacia sp., for which 60% were eaten piecemeal by black-breasted woodquail (Odontophorus leucolaemus). Nearly 91% of Persea sp. seeds were damaged but only 30% suffered lethal damage (none was entirely consumed). All intermediate and large-seeded species except M. vernicosa had some seeds partially eaten (range 2-91%). The proportion of seeds partially eaten was positively correlated with seed size (r = 0.82, P < 0.001). Such partial consumption did not prevent germination and seedling establishment for most species with intermediate and large seeds. In contrast, seed mortality caused by fungal pathogens was often preceded by gnawing or partial seed consumption. For two species with the highest levels of mortality from fungal pathogens, Ardisa palmana (31%) and Eugenia guatemalensis (17%), fungal pathogen attack followed partial consumption in 82% of cases.
Beilschmiedia costaricensis seeds were occasionally buried (10%) by unidentified beetles (Nitidulae). The beetles loosened and churned the soil to inter a seed leaving a slight mound which compacted after several days. These seeds were not moved before burial, none of them germinated, and all were filled with frasse when examined at the end of the study (Wenny, 2000a) , suggesting the beetles buried seeds to protect the resource in a manner similar to burying beetles (Silphidae) and dung beetles (Scarabaeidae). This behaviour is a rare example of beetles hoarding food (Vander Wall, 1990) and deserves further study. For other species, the combination of blemishes on newly dispersed seeds and the eventual determination that blemished seeds were filled with frasse suggests predispersal infestation rather than post-dispersal seed consumption by adult insects.
Rodent trapping
Although trapping effort was relatively low, trapping success was high enough (18-27%) to characterize the small terrestrial mammal community. At least five species of small rodents were captured in live traps (Table 21. 3). The most common species by far was Peromyscus nudipes, accounting for 81% of individuals captured. Reithrodontomys (probably two species) was captured in traps baited with peanut butter but never in traps baited with Lauraceae seeds. Scontinomys teguina was captured in traps with seeds but never chewed or ate the seeds. I captured more rodents that expected in gaps and fewer than expected near logs, but these trends were not statistically significant (c 2 = 3.22, df = 2, P = 0.2). Sample sizes were too small to examine microhabitat differences for each species. Heteromys desmatestianus, the only species with cheek pouches, usually carried seeds smaller than those in this study. We observed but did not capture pygmy squirrels (Microsciurus alfari) and a larger squirrel, presumably Sciurus granatensis (Reid, 1997) .
Tracking stations
The tracking stations confirmed the presence of tapir (Tapirus bairdii), brocket deer (Mazama americana), collared peccary (Tayassu tajacu), jaguar (Panthera onca), puma (Puma concolor), coati (Nasua narica), agouti (Dasyprocta punctata) and paca (Agouti paca) (nomenclature follows Reid, 1997) . Peccary, brocket deer, and agouti were also observed directly. Tapir, peccaries and jaguar occurred irregularly, leaving tracks on several occasions over the course of a week or more followed by long periods of apparent absence from the study site. All other species were present throughout the year. Tracks of several other smaller species were recorded, but I was not able to identify them.
Discussion
For most plant species in this study, post-dispersal seed removal resulted in predation. Terrestrial vertebrates, and in particular small rodents, were responsible for at least 70% of seed predation. Agoutis, collared peccaries, and black-breasted wood-quail also were important seed predators but ate fewer seed species regularly (three, one, and one, respectively) than the small rodents. Only two species experienced significant secondary dispersal by seed-caching rodents. One clear advantage of such secondary dispersal is protection from predation by small rodents. Caching may also protect seeds from insects and fungal pathogens, but this study was not designed to assess the full impact of these sources of mortality. In addition, some seeds with evidence of insect activity were eaten by rodents. Thus, the relatively high level of seed predation by rodents observed in this study probably underestimates the level of infestation by insects and pathogens. On the other hand, most insect seed predation in this study was probably predispersal infestation (based on marks on newly dispersed seeds suggesting oviposition), and fungal pathogens appear to be more important mortality factors for seedlings than for seeds in this study. The roles of insects and fungal pathogens in seed fate need further study.
Another finding of this study is that almost 20% of seeds were moved but not eaten or cached. Such non-lethal seed movement has both biotic and abiotic causes. Heavy rainfall moves smaller seeds while animal activity, such as partial seed consumption, affects the larger seeded species. Because the study area was relatively flat, seed movement by rainfall was probably less than would occur in an area with steeper slopes. Most abiotic movement was less than 2 m and the extent to which such movements benefit the parent plants is unknown. It is unlikely that such short movements would affect the level of seed predation by rodents, but such movement could serve to scatter seeds that were dispersed together and lead to lower density-dependent seedling mortality. Such movement could also cause a seed to fall into a crack or depression in the soil, get buried under leaf litter, or become lodged against a log where accessibility to seed predators may be lower and subsequent survival may be higher. Table 21 .3. Trapping effort (trap-nights) and number of small mammals captured in three microhabitats: near fallen logs, at the base trees > 20 cm diameter and in treefall gaps.
Whether or not a seed is moved, it is clear that seed mortality continues after germination. Germination most likely is not a major limitation on recruitment for relatively large-seeded species (Wenny, 2000a,b) . This and other studies indicate that post-dispersal seed predation is a major bottleneck between seed production and seedling recruitment. However, the links between the agents of post-dispersal seed mortality and seedling recruitment have rarely been noted. In this study, species with larger seeds had higher germination and post-germination survival rates. But larger seeds also were more likely to be gnawed, chewed or moved even after germination. It is likely that some species that experience low rates of seed predation are exposed to increased mortality once germination begins. This possibility was most evident for M. vernicosa, which has a very hard seed coat and very low levels of post-dispersal seed removal. Upon germination, the seed coat splits apart leaving the developing seedling with no physical defence. The slight increase in mortality after 6 weeks ( Fig. 21.1 ) was a result primarily of seedling herbivory rather than seed predation per se. The fate of C. sylvicola, which also has a thick seed coat, was similar to that of M. vernicosa except that the seed does not split upon germination, but the seedling emerges from one end of the seed. Several newly germinated seeds appeared to have been gnawed open to extract the remaining seed reserves. Although this type of mortality blurs the distinction between seed predation and seedling herbivory, it suggests that rodents can track certain resources and attack different plant species at different stages of seedling development (e.g. Forget and Milleron, 1991; Jansen, 2003) .
The tracking stations showed that large predators and large herbivores were present in the study area. Thus this part of the Monteverde region (the continental divide and Atlantic slope) appears to contain a relatively intact ecosystem. The presence of large predators may explain the apparently lower abundance of agoutis in this area compared to sites on the Pacific slope (personal observation). The spiny pocket mouse (Heteromys desmarestianus) is also less common along the continental divide than at lower elevations on the Pacific slope (Anderson, 1982; G. Murray, personal communication) . As both agoutis and pocket mice are known to scatterhoard seeds, their relatively low abundance in the study area may be partially responsible for the low incidence of secondary dispersal recorded in this study. The higher abundance of these species on the Pacific slope is likely to influence seed fate and forest succession (e.g. Guariguata et al., 2000) . Climatic changes in the region will complicate this relationship further (Pounds et al., 1999; Lawton et al., 2001) . Plant species from the drier zones on the Pacific slope are expected to expand distributions into higher elevations and it would be interesting to study seed fate of species (or among related species with similar seed characteristics) spanning this elevational range as plant distributions shift.
Members of the Lauraceae seemed to fall into one of two seed fate categories. Two species of Ocotea experienced very high seed predation while one species each of Beilschmiedia, Persea and Pleurothyrium experienced low seed predation. In other studies in the Monteverde area, 95-100% post-dispersal seed removal has been noted for O. monteverdensis (Wheelwright, 1988) and O. tonduzii (Wenny unpublished data) . In a Colombian cloud forest, Samper (1992) recorded 100% removal of Nectandra sp. (Ocotea and Nectandra have very similar seeds). Although the seeds of lauraceous species are thought to be chemically defended from seed consumers (Castro, 1993) , it appears that rodents can tolerate consuming Ocotea species better than seeds of some other genera. Part of the explanation for the lack of secondary dispersal in some Lauraceae may be large seed size and rapid germination rates, making these species poor candidates for scatterhoarding and consumption later in the year.
Results of this study suggest that seed fate can be explained, in part, by seed characteristics but that secondary dispersal syndromes may be more difficult to define.
While primary dispersal by scatterhoarding may represent a predictable syndrome with associated plant characteristics (Vander Wall, 2001) , secondary dispersal via scatterhoarding involves much more variable fruit and seed traits (Vander Wall and Longland, Chapter 18, this volume) . The classic examples of scatterhoarding involve plant species that have great annual variation in crop size with cascading effects on seed predator/ disperser populations (Kelly and Sork, 2002) . These species tend to have large, hard seeds and are fairly common in some habitats (e.g. Quercus spp. and other nut-bearing trees in some temperate habitats). Plant species secondarily-dispersed by large rodents may fit some aspects of this syndrome, particularly the characteristics of the seed coat or physical defence against seed predators. In contrast, many bird-dispersed trees with high post-dispersal seed removal also exhibit high annual variation in crop size (e.g. Wheelwright, 1986) , but a link between variable seed crop size and post-dispersal predator satiation has not been established. In O. endresiana, for example, crop size was at least an order of magnitude lower in 1994 than in 1993 or 1995 but seed removal was uniformly high in all 3 years and secondary dispersal did not occur (this study ; Wenny, 2000b) . Furthermore, the small rodents that appear to be responsible for most post-dispersal seed predation have shorter life spans (1-2 years) than the much larger caviomorph rodents, and populations of small rodents may fluctuate in response to overall resource or moisture levels. Scatterhoarding and retrieval of seeds may not be an efficient foraging strategy for most of these species. Nevertheless, species such as Heteromys desmarestianus are known to be important scatterhoarders in some lowland tropical habitats (Brewer and Rejmanek, 1999) . The roles of squirrels as scatterhoarders in tropical forests is largely unexplored. Studies on a wider variety of plant species over several years are needed to further examine the possibility of a secondary dispersal syndrome by scatterhoarding rodents in tropical forests.
